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ABSTRACT 
 
 
THE ROLE OF THE RX3/ OTX PATHWAY IN ZEBRAFISH EYE DEVELOPMENT 
 
by Navaneetha Krishnan Bharathan, B. Tech. 
 
A thesis submitted in partial fulfillment of the requirements for the degree of Master of Science 
at Virginia Commonwealth University 
 
Virginia Commonwealth University, 2014 
 
Major Director: James A. Lister 
Assistant Professor, Department of Human and Molecular Genetics 
 
Colobomas are a type of eye defect characterized by the presence of a hole in certain eye 
structures. In this study, the roles of the zebrafish Otx genes, otx2 and otx1a, as well as the Rx 
family gene, rx3, in choroid fissure closure, the disruption of which leads to the onset of 
colobomas, were studied. It was observed that while the otx2 loss-of-function mutant, otx2
hu3237
 
displayed small colobomas and the otx1a mutant, otx1a
6del
, did not exhibit any morphological 
eye defects, zebrafish possessing both mutations presented with a range of colobomas, some of 
which were more severe than otx2 single mutants and the size of the coloboma corresponded 
with the gene dosage of otx1a. Furthermore, it was also observed that additional knockdown of 
otx1b using morpholinos worsened the coloboma phenotype. Moreover, it was observed that rx3, 
while involved in RPE pigmentation, does not contribute to choroid fissure closure. Additionally, 
it appears that otx2 does not affect the rudimentary lens formation which is seen in loss-of-
function rx3 mutants, i.e., eyeless mutants.
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CHAPTER 1: INTRODUCTION 
The vertebrate eye 
 The eye is the sensory organ of vision, which converts visual information, or light, into 
electro-chemical impulses. The vertebrate eye has several structures divided into three main 
layers: 
 The external layer, formed by the sclera and cornea. 
 The intermediate layer, divided into two parts: anterior (iris and ciliary body) and 
posterior (choroid). 
 The internal layer or the sensory part of the eye, the retina (Figure 1). 
 Light rays enter the eye through and are focused onto the retina by the cornea and the 
lens. The retina contains various neurons, such as retinal ganglion cells, rods, and cones, for 
processing this information which is carried as action potentials to the brain (Kolb et al., 1995). 
The retina also has a layer of pigmented cells known as the retinal pigmented epithelium (RPE). 
This layer shields the retina from excess light and nourishes the retina. 
There are various human eye diseases and defects, including retinitis pigmentosa and 
macular degeneration, which are age-related, and microphthalmia, anophthalmia and coloboma, 
which are a result of defects during development. 
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Figure 1: Sagittal section of the human eye. (Kolb et al., 1995) 
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Eye development in vertebrates 
The vertebrate eye is formed by signaling events within the head ectoderm. Development 
of the eye from the forebrain begins on the lateral sides as diverticula. After the closure of the 
neural tube, they are known as optic vesicles. At gastrulation, the head ectoderm interacts with 
the optic vesicle (Adler et al., 2007). This involution leads to the formation of the lens placode, 
i.e., the prospective lens (Figure 2). Eventually, the optic vesicle forms the optic cup. 
The central portion of the lens-forming ectoderm invaginates leading to the formation of 
the lens vesicle. Around the same time, the optic cup invaginates, where the inner layer forms the 
neural layer of the retina consisting of a variety of glia, ganglion cells, interneurons, and light-
sensitive photoreceptor neurons. The cells of the outer layer produce the pigment, melanin, and 
ultimately become the pigmented retina. The axons of the retinal ganglion cells travel down the 
optic stalk which is the prospective optic nerve. The cornea also develops from the ectoderm in 
front of the lens (Gilbert, 2000). These structures form the anterior segment of the eye. Several 
diseases in humans associated with anterior segment development include cataracts, coloboma, 
and glaucoma. 
Development of colobomas in the eye 
As the optic vesicle invaginates dorsally to form the RPE and neural retina, the ventral 
aspect forms the choroid fissure, through which retinal vessels enter and leave the eye (Figure 3). 
During normal development, the fissure closes completely, forming the optic nerve. However, if 
it persists, it leads to the formation of a hole in the eye, called coloboma (Adler et al., 2007).  
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Figure 2: Development of the vertebrate chick eye. (A-C from Hilfer and Yang, 1980, 
photographs courtesy of S. R. Hilfer; D courtesy of K. Tosney). 
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Figure 3: Schematic representation of eye development. Abbreviations: C: Cornea; L: 
lens; LP: lens placode; LV: lens vesicle; MS: mesenchyme; NR: neural retina; ON: optic 
nerve; OS: optic stalk; OV: optic vesicle; RPE: retinal pigment epithelium; S: sclera; SE: 
surface ectoderm (Adler et al., 2007). 
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Zebrafish as a model for disease 
Zebrafish have several advantages as a model organism for the study of development and 
disease. The transparent nature of the embryos early in development makes it suitable for the 
study of several organs and tissues, including the heart, eyes, and nervous system.  
Additionally, development occurs outside the mother, separating any maternal factors. 
Also, a single mating produces hundreds of offspring, serving as an efficient and cost effective 
model for research. Experimental advantages include the ability to efficiently conduct mutational 
analyses and chemical screens (Soules et al., 2005). 
Zebrafish anterior segment development 
Anterior segment development in the zebrafish is very rapid initially and most 
rudimentary structures are established within 3 days post fertilization (dpf). However, extensive 
development and maturation of the eye continues until one month of age (Figure 4). 
The anterior chamber forms with the detachment of the lens vesicle from the surface 
ectoderm which occurs by 26 hours post fertilization (hpf). By 48 hpf, differentiation among 
mesenchymal cells can be detected within the angle region where the cornea and prospective iris 
meet. By 3 dpf, multiple types of pigment cells, as well as less differentiated non-pigmented 
cells, are present at the iridocorneal angle. Differentiation of cells within the cornea occurs 
around 3 dpf. Corneal development is conserved among zebrafish and mammals, but the corneal 
epithelium is thicker in zebrafish, containing 3-4 layers of cells. The endothelium is also thin 
compared to mammals and is comprised of a single layer of flattened cells which extend over the 
iridocorneal angle covering the surface of the annular ligament (Soules et al., 2005). 
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The zebrafish lens is spherical as compared to the ellipsoidal shape of mammalian lenses. 
Detachment of a solid lens vesicle from a mass of cells derived from the lens placode occurs, 
similar to mammals. This occurs at around 26 hpf in the zebrafish. By 30 hpf, lens epithelial cells 
are discernible. 
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Figure 4: Morphogenesis of the anterior segment in the zebrafish eye. Comparison of 
embryonic and adult zebrafish eyes: Diagram of Embryonic (A) and adult (C) zebrafish eyes, 
and histology of 3 dpf embryonic (B) and 1 month adult (D) eyes (Soules et al., 2005). 
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Comparison of anterior segment development in zebrafish and mammals 
While overall development is similar among mammals and zebrafish, there are subtle 
differences. 
In zebrafish, the lens, although derived from surface ectoderm, delaminates as opposed to 
invaginating. Periocular mesenchyme appears to contribute to the corneal endothelium, iris 
stroma and angle specializations like other vertebrates. However, there appears to be a 
proportionally smaller bolus of immigrating mesenchymal cells and migration does not occur in 
obvious waves as in the chick (Beebe et al., 2000). 
The zebrafish eye also differs anatomically. For example, there is no ciliary band of 
muscles and the iris stroma is non-contractile. The ciliary epithelium also displays dorsoventral 
differences. 
The ciliary epithelium in the dorsal eye appears specialized for secretion of aqueous 
humor, while the ciliary epithelium in the ventral most region does not show extensive 
ultrastructural specializations. Instead, the ventral ciliary zone appears specialized for aqueous 
humor drainage. Furthermore, in place of stromal muscle cells, there appear to be a lamina of 
various pigmented cells including melanophores, iridophores, and xanthophores (Soules et al., 
2005). 
Finally, the timing of developmental events in the anterior segment is comparable to 
other vertebrates, indicating a similar network of signaling events. 
 
 
 
 
 
 
10 
 
Transcriptional regulation of eye development 
Eye development has been extensively studied in the amphibian model, specifically 
Xenopus embryos, by Zuber and colleagues (2003) (Figure 5). Formation of the eye from the 
neural tube is controlled by signaling proteins and transcription factors, including Noggin, Otx2 
(Orthodenticle homeobox 2), ET (also known as Tbx3 (T-box transcription factor 3)) and Rx1 
(Retinal homeobox protein 1). 
The anterior portion of the neural tube is specified by Otx2, the expression of which is 
controlled via inhibition of Bone morphogenetic proteins (BMPs) by Noggin. Additionally, 
Noggin also blocks the expression of ET, which is the first protein expressed in the eye field. 
Eventually, accumulation of Otx2 blocks Noggin’s ability to inhibit ET expression through a 
negative feedback loop. 
ET activates transcription of the Rx1 transcription factor, which in turn, inhibits Otx2 and 
activates Pax6. Pax6 is responsible for specification of the lens and retina in all phyla, and is 
additionally expressed in the forebrain, hindbrain and nasal placodes. Pax6 activates a cascade of 
transcription factors involved in eye formation including Six3, tll, and Lhx2 (Gestri et al., 2005; 
Tétreault et al., 2009). 
The separation of the eye field into two bilateral fields in vertebrates is controlled by 
Sonic hedgehog (Shh), which when mutated, has shown to result in cyclopia, or a single eye, in 
humans. Since Shh from the prechordal plate suppresses Pax6 expression in the center of the 
embryo, upregulation of Shh can lead to disruption of the optic cup development, apoptosis of 
lens cells, and arrested eye development (Gilbert, 2000). 
Differentiation of various regions of the eye depends on BMP and hedgehog gradients. 
Pax2 is expressed in the most ventral regions, which differentiate into the optic stalk. MITF is 
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expressed in the most dorsal regions, leading the RPE development. The central region expresses 
Rx and forms the optic cup. 
Continued expression of Rx is required for Pax6 and Six3 expression, which are critical 
for specification of retinal ganglion cells and for controlling the differentiation of retinal 
precursor cells, respectively (Loosli et al., 2004). The neural retina develops into a layered array 
of neurons consisting mainly of the photoreceptor cells, i.e., rods and cones, bipolar 
interneurons, and a ganglion cell layer. In Xenopus, Xotx5b controls specification of the 
photoreceptor cells, while Xotx2 and Xvsx1 specify the bipolar neurons. Temporal regulation of 
translation is critical for proper eye development and is regulated by microRNAs. 
In the presumptive lens ectoderm, several signaling proteins and transcription factors are 
needed for development of the lens. In Xenopus, Delta proteins on the optic vesicle bind and 
activate Notch receptors on the presumptive lens ectoderm (Ogino et al., 2008). In the presence 
of Otx2, this binding leads to activation of the Lens1 gene, which is essential for closure of the 
lens vesicle. The optic vesicle further controls lens formation by secretion of BMP4 through 
paracrine signaling, leading to the expression of Pax6 and Sox2. These transcription factors 
activate the crystallin genes which provide the transparency needed by the lens and the cornea. 
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Figure 5: Genetic factors forming the single eye field. A simplified model of eye field 
induction in the anterior neural plate of vertebrates is given including the major transcription 
factors. Light blue indicates the neural plate, blue shows the area of Otx2expression, and dark 
blue represents the eye field 
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The Otx family 
The Orthodenticle homeobox protein family comprises genes that encode homeodomain-
containing transcription factors which play major roles early in development. In humans, there 
are two genes present within this family, OTX1 and OTX2. The mouse has two orthologs, Otx1 
and Otx2, whereas the zebrafish possess three orthologs, otx1a, otx1b, and otx2, as a result of 
genome duplication (Amores et al., 1998 and Wood et al, 2000). In zebrafish, Otx interacts with 
Mitf (Microphthalmia-associated transcription factor) which is a member of the basic helix-loop-
helix/leucine zipper family of transcription factors, and both are involved in eye morphogenesis, 
specifically RPE development (Lane et al., 2012).  
 
OTX1 
Orthodenticle homeobox 1 is located in chromosome 2 in humans. Otx1 is expressed in 
most layer 5 and 6 pyramidal cells throughout the developing and adult brain (Frantz et al., 
1994 and Weimann et al., 1999). It is required for proper brain and sensory organ development 
and has been shown to cause epilepsy, as well as other brain abnormalities, affecting the 
hippocampus, telencephalic temporal and perirhinal areas, cerebellum and mesencephlon 
(Acampora et al., 1996).  
Zebrafish have two orthologs, otx1a and otx1b, both of which are evolutionarily well 
conserved compared to the murine Otx1 (Mercier et al., 1995). One of these homologs, otx1a, 
plays a primary role in RPE development, with otx1b having a smaller contribution (Lane et al., 
2012). 
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OTX2 
Orthodenticle homeobox 2 is located in chromosome 14 in humans and mutations in 
OTX2 have been shown to cause Syndromic Microphthalmia 5 (Ragge et al., 2005), Combined 
pituitary hormone deficiency 6 (Diaczok et al., 2008) and Early-Onset Retinal Dystrophy and 
Pituitary Dysfunction (Henderson et al., 2009). Otx2 has a number of downstream targets 
including Rbm3, tropomyosin, Clock and NCAM (Boncinelli et al., 2001). 
In mice, Otx2 is expressed in the dorsal and most of the ventral regions of the 
telencephalon, diencephalon, and mesencephalon of the developing brain (Boncinelli et al., 
1993). Otx2 is initially expressed in the entire developing optic vesicle and is later restricted to 
the differentiating RPE (Simeone et al., 2002). Complete loss of Otx2 function in mice results in 
embryonic lethality, while heterozygous mutations have been found to result in loss of almost all 
RPE tissue, particularly when present in an Otx1 null background (Martinez-Morales et al., 
2001). 
Zebrafish have an ortholog, otx2, which is also evolutionarily conserved compared to the 
murine homolog with a 94% amino acid identity (Li et al., 1994). Simultaneous knockdown of 
both otx2 and otx1a in zebrafish with morpholinos produced a delay in RPE pigmentation and in 
severe cases, resulting in coloboma (Lane et al., 2012). The expression patterns and knockdown 
phenotypes of both otx1a and otx2 suggest that they have partially redundant functions in 
zebrafish anterior brain and eye development (Foucher et al., 2006). 
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The Rax/ Rx family 
The Retinal homeobox protein (Rx) or Retina and anterior neural fold homeobox (Rax) is 
a family of transcription factors which regulate eye development and is encoded by the RAX 
gene in humans. The RAX gene is located on chromosome 18 and mutations in this gene are 
known to be associated with isolated microphthalmia 3 and anopththalmia. 
Rax is involved in specification of the anterior neural plate, evagination of the optic 
vesicles from the ventral forebrain, and the cellular differentiation of the lens and retina. Some 
targets of Rx include Ret1/PCE1 (photoreceptor conserved element-1) in photoreceptors, as well 
as β-arrestin and RBP3 (Retinol-binding protein 3, interstitial) (Mathers et al., 2000). In mice, 
there is a single Rx gene that is expressed initially in the anterior neural plate. Subsequently, its 
expression is restricted to the developing eye and ventral forebrain (hypothalamus and pituitary). 
Disruption of the murine Rx gene causes anophthalmia, absence of forebrain and/or midbrain, 
and neonatal death (Mathers et al., 1997). 
Rx3 
Zebrafish possess three orthologs of the Rx gene: rx1, rx2 and rx3. The rx1 and rx2 genes 
are more homologous to each other (82% identical amino acid sequence in the homeodomain and 
the more conserved C-terminal region) than to rx3 (58% identity in the homeodomain). Rx3 is 
expressed earliest, in the anteriormost region of the neural plate, in regions that give rise to 
ventral diencephalon and retina. As development proceeds, rx3 expression is reduced in the 
lateral optic primordia, and is absent in the optic cup, but is retained at the ventral midline of the 
diencephalon, and is expressed in hypothalamus in the adult. As the neural retina begins to 
differentiate, rx3 is re-expressed in a subset of cells in the inner nuclear layer, presumably 
bipolar cells, and this expression is retained in the adult (Chuang et al., 1999). 
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The Otx/ Rx network in zebrafish 
A number of homeodomain transcription factors are required early in vertebrate eye 
development including pax6, rx, six3 and otx. Knockout of rx causes anophthalmia (Mathers et 
al., 1997) and overexpression of six3 (Lagutin et al., 2001; Loosli et al., 1999) or pax6 (Chow et 
al., 1999) causes ectopic eye formation. 
While otx2 is expressed early in embryogenesis in the anterior forebrain, its expression is 
downregulated in the eye field during late gastrula (Li et al., 1994; Mori et al., 1994).  
Previously, otx2 was the earliest known marker for RPE development in zebrafish (Li et 
al., 1994). Later, it was shown that in a zebrafish mutant homozygous for a loss-of-function 
mutation in rx3, there is no expression of the microphthalmia associated transcription factor 
(mitfb) or the tyrosinase-related protein (trp2) in the RPE at 24 hpf (Kelsh et al., 2000; Lister et 
al., 1999). The expression pattern of otx2 is not detectable in the eye field from early 
somitogenesis onwards, suggesting that rx3 acts upstream of otx2 in RPE specification (Rojas-
Muñoz et al., 2005). 
In mammalian systems also, i.e., mice and humans, genetic and biochemical data 
implicate Otx2 in the activation of the molecular network controlling RPE development 
(Martinez-Morales et al., 2001; Takeda et al., 2003). This suggests that the role of Otx2 and Rx3 
may be conserved and also that Rx3 may act upstream of Otx2 in other vertebrates as well. 
Hypothesis/ Aims of the study 
It was previously observed that, in zebrafish, otx1a morphants did not display any eye 
defects and otx2 morphants exhibited mild eye defects, while otx1a/ otx2 double morphants 
presented with a range of eye defects which manifested as colobomas. It was also seen that these 
effects were transient and began to recover after a few days. We hypothesize that a permanent 
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loss of function of either one or both of these genes would lead to the occurrence of more severe 
phenotypes and/ or more prolonged or permanent eye defects, i.e., the mutants would be more 
severely affected as compared to morphants.  
It was also previously observed that in the rx3 loss of function mutant, which exhibit the 
eyeless phenotype, there was still some rudimentary eye structures present. Since rx3 is thought 
to interact with otx2, we hypothesize that loss of function of otx2 in these mutants would lead to 
loss of these structures. In situ hybridization will demonstrate gene expression changes in 
affected structures, if any, and will help us understand the roles of these genes in eye 
development.  
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CHAPTER 2: MATERIALS AND METHODS 
 
Zebrafish culture and maintenance 
Adult fish were maintained at approximately 28°C on a 14 hour/ 10 hour light/ dark 
cycle. Wild type strains (AB/ WIK or ZIRC AB) were used for all experiments unless otherwise 
indicated. Embryos were incubated at 28°C and staged according to Kimmel et al. (1995). 
 
Fin clipping for genotyping 
To identify mutation carriers, DNA was prepared from fin clip biopsies and genotyped using 
PCR and restriction digestion with the appropriate enzymes.   
Adult fish were anaesthetized in ethyl 3-aminobenzoate, methanesulfonic acid salt 98% 
(MESAB) (Acros). A portion of the caudal (tail) fin, (triangle, approximately 5 mm on each side) 
was clipped off using a clean razor blade. Using sterilized forceps, this fin biopsy was place in 
ZIRC lysis buffer (50 µl) [1.5 mM MgCl2, 10 mM Tris-HCl (pH = 8.3), 50 mM KCl, 0.3% 
Tween-20 (20%), 0.3% NP-40 (20%) in water].  DNA was prepared by heating the samples in 
heat blocks through the following steps: 10 minutes at 95°C, followed by addition of 5µl 
Proteinase K (10 mg/ ml), followed by incubation at 55°C for one hour, and a final incubation at 
95°C for 10 minutes to inactivate the Proteinase K. The tubes were then spun in a nanofuge and 
1:50 dilutions of the DNA were made in nuclease-free water to be used for genotyping. 
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Genotyping the otx2
hu3237
 allele 
Zebrafish possessing the otx2
hu3237
 allele were obtained from the Zebrafish Mutation 
Project at the Wellcome Trust Sanger Institute. The otx2
hu3237
 allele contains an A to T 
substitution acid in exon 4 in the 87
th
 amino of the otx2 gene. The primers used and expected 
product sizes are mentioned in Table 1.  
The next-to-last position in the reverse primer (lower case c) is a mismatch which will 
create an XbaI restriction site when the mutant allele is amplified.  
The GoTaq Green Master Mix (Promega) was used for the reaction. The samples were 
heated to 94C for 3 minutes, 94C for 30 seconds, 60C for 30 seconds, 72C for 30 seconds, 
and steps 2-4 were repeated for 39 cycles. The samples were then incubated at 72C for 10 
minutes. 
The amplified product was digested at 37°C with XbaI (New England Biolabs, NEB) for 
at least 1 hour. Then, 2.5 µl of 5X loading dye was added and 8 µl of the digested product was 
run on a 3% high-resolution agarose gel. All gel pictures were taken using the AlphaImager 
software. 
 
Genotyping the rx3
w29
 allele 
Rx3
w29
 mutant zebrafish were obtained from the Zebrafish International Resource Center 
(ZIRC). The rx3
w29
 allele contains a T to A substitution in exon 2 in the 133
rd
 amino acid and 
changes a tyrosine to a stop codon (Kennedy et al., 2004). The primers used and expected 
product sizes are mentioned in Table 1. 
The GoTaq Green Master Mix (Promega) was used for the reaction. The samples were 
heated to 94C for 3 minutes, 94C for 30 seconds, 60C for 30 seconds, 72C for 30 seconds, 
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and steps 2-4 were repeated for 39 cycles. The samples were then incubated at 72C for 10 
minutes. 
The amplified product was digested at 37°C with BspEI (NEB) for at least 1 hour. Then, 
2.5 µl of 5X loading dye was added and 8 µl of the digested product was run on a 3% high-
resolution agarose gel. All gel pictures were taken using the AlphaImager software. 
 
Genotyping the otx1a
6del
 allele 
Embryos injected with TALENs directed against exon 4 in otx1a were received from the 
Zebrafish TILLING Project at the Fred Hutchinson Cancer Research Center and raised up to 
adulthood. 
Embryos with a 31 bp deletion in exon 2 were also obtained from the same project and 
genotyped with two different pairs of primers. 
Screening potential founder fish 
To identify germline carriers of the otx1a mutation, intercrosses were set up and embryos 
were collected from these matings. Embryos aged at 72 hpf were pooled in groups of three in 
tubes to facilitate faster identification of carriers. ZIRC lysis buffer (50 µl) was added to each 
tube and DNA was prepared by heating the samples in heat blocks through the following steps: 
10 minutes at 95°C, followed by addition of 5µl Proteinase K (10 mg/ ml), followed by 
incubation at 55°C for one hour, and a final incubation at 95°C for 10 minutes to inactivate the 
Proteinase K. The tubes were then spun in a nanofuge and 1:50 dilutions of the DNA were made 
in nuclease-free water. 
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PCR 
The primers used and expected product sizes are mentioned in Table 1. 
The GoTaq Green Master Mix (Promega) was used for the reaction. The samples were 
heated to 94C for 3 minutes, 94C for 30 seconds, 61C for 30 seconds, 72C for 30 seconds, 
and steps 2-4 were repeated for 39 cycles. The samples were then incubated at 72C for 10 
minutes. 
The amplified product was digested at 37°C with DraI (NEB) for at least 1 hour. Then, 
2.5 µl of 5X loading dye was added and 8 µl of the digested product was run on a 2% agarose 
gel. All gel pictures were taken using the AlphaImager software. 
Samples that were heterozygous for the mutation were identified by the presence of a 
~346 bp band. DNA was extracted from this band using the Bioline ISOLATE II PCR and Gel 
Kit and eluted into 20 µl Elution Buffer (Bioline). 
 
TOPO Cloning (Invitrogen protocol) and Transformation 
The purified product was then cloned into the pCR4-TOPO vector. Clones were 
sequenced in the VCU Nucleic Acids Research Facilities to identify the mutation produced by 
the TALENs. 
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Primer name Sequence 
otx2hu3237F 5’ AAA TCA ACT TGC CGG AGT CC 3’ 
otx2hu3237R 5’ GAC ACT TTG CCC TTC GGT TcT 3’ 
rx3w29F 5’ CTC TCT CTC TTT ATG CAG GAG TTT G 3’ 
rx3w29R 5’ AGT GTC TCT CAC CTG TAC TCG GAC 3’ 
otx1aTAL-F 5’ GCC AAC CCC AGA AGA CAA TA 3’ 
otx1aTAL-R 5’ AAC TCC GCT AAG AGC AGA CG 3’ 
otx1aex2F 5’GGT GTC TCC CTG GAG CTC AA 3’ 
otx1aex2R 5’ GGA TAT CCC ACA GAG GGA T 3’ 
otx1aex2R2 5’ AAC CCA CAC GAA CAT GCA AA 3’ 
 
 
Primer pair Enzyme Wild type bands (bp) Mutant bands (bp) 
otx2hu3237F/ otx2hu3237R XbaI 270 247, 23 
rx3w29F/ rx3w29R BspEI 182, 75 257 
otx1aTAL-F/ otx1aTAL-R DraI 204, 142 ~346 
otx1aex2F/ otx1aex2R None 117 86 
otx1aex2F/ otx1aex2R2 None 258 227 
 
 
 
 
 
Table 1: Primer sequences used in this study. 
Table 2: Expected product sizes with PCR and enzyme digest where applicable. 
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In situ Hybridization (ISH) 
Dechorionation was done manually and embryos were fixed for 24 hours in 4% 
paraformaldehyde (PFA) in 1X phosphate buffered saline (PBS) (USB Corporation). A quick 
rinse in PBS + 0.05% Tween-20 (PBT) was then followed by overnight dehydration in methanol 
(MeOH). Embryos were rehydrates in a MeOH/ PBT series (66% MeOH/ 33% 1X PBT; 33% 
MeOH/ 66% 1X PBT; 1X PBT) for 5 minutes each, with 4 repeats of the final PBT wash. 
Proteinase K treatment (1 µg/ml in PBT) was conducted on embryos older than 24 hours using 
the time estimates indicated [48 hpf = 48 minutes; 72 hpf = 72 minutes], and then post-fixed in 
10% formalin for 20 minutes. This was followed by five washes of 1X PBT for 5 minutes/ wash. 
Embryos were prehybridised for at least 1.5 hours in hybridization buffer [50 % formamide,  
5X Sodium citrate buffer (SSC) (USB Corporation), 50 µg/ml heparin, 0.5 mg/ml tRNA, 0.1% 
Tween-20, 9.2 mM Citric acid, nuclease-free water] (Hyb
+
) at 65°C. Embryos were incubated 
overnight at 65°C with the diluted probes. Washes at 65°C followed hybridization: quick wash in 
hybridization buffer without heparin and tRNA (Hyb
-
), 10 minute wash in 66% Hyb
-
/ 33% 2X 
SSC, 10 minute wash  in 33% Hyb
-
/ 66% 2X SSC, 1 minute wash in 2X SSC, and two 20-minute 
washes in 0.2X SSC. Washes at room temperature followed (66% 0.2X SSC/ 33% 1X PBT; 33% 
0.2X SSC/ 66% 1X PBT; 1X PBT) for 5 minutes in each solution. Embryos were then incubated 
in blocking buffer [2mg/ml bovine serum albumin (BSA) and 2% goat serum in 1X PBT] for at 
least 1 hour, followed by overnight labelling at 4°C in alkaline-phosphotase-coupled anti-
digoxygenin Fab fragments (Roche) at 1:10000 dilution in blocking buffer. The embryos were 
then washed 6 times in 1X PBT for 10 minutes each at RT followed by three 5-inute washes in 
coloration buffer [0.1 M Tris hydrochloride (pH 9.5), 50 mM MgCl2, 0.1 M NaCl, .1% Tween-
20]. Finally, the coloration reaction was performed in the dark using nitro blue tetrazolium 
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chloride (NBT) [225µg/ ml] and 5-bromo-4-chloro-3’-indolylphosphate p-toluidine salt (BCIP) 
[175 µg/ ml] in coloration buffer. The reaction was halted with 1X PBT after color had 
developed, and the embryos were dehydrated in MeOH for 30 minutes to clear out background. 
The embryos were then rehydrated through the MeOH/ PBT series and equilibrated in 50% 
glycerol in 1X PBS for viewing and photographing. Pictures of embryos were taken with the 
Olympus SZX12 confocal microscope using the DP Controller software. Previously validated 
probes were used to detect expression of pax2a (Krauss et al., 1991), pmelb (Schonthaler et al., 
2005) and crygn2 (Greiling et al., 2009). 
 
Morpholino injections 
Previously validated translation-blocking morpholino oligonucleotides against otx2 (Foucher et 
al., 2006), and against otx1b (Hammond et al., 2006) were obtained from Gene Tools 
(Philomath, OR). 
Otx2 MO: 5’ GTTGCTTGAGATACGACATCATGCT 3’ 
Otx1b MO: 5’ TAACATATAGCCTACCTGAACTCGG 3’ 
 All morpholinos were injected at a concentration of 1.25 ng/ embryo. Larvae were anesthetized 
in Tricaine and each eye was examined using a SZX12 dissecting stereomicroscope with DP70 
camera (Olympus) and scored. 
 
  
 
 
 
 
 
25 
 
 
 
 
CHAPTER 3: RESULTS 
 
Otx2 mutants display colobomas in the ventral portion of the eye 
Previously, it was observed that knockdown of otx2 in zebrafish using morpholinos 
resulted in minor eye defects, namely colobomas, which were only seen in a fraction of injected 
embryos. These colobomas were not severe and there was a connection between anterior and 
posterior RPE (Lane et al., 2012). 
We used otx2 mutants to identify the nature and the severity of eye defects as compared 
to morphants (morpholino-injected fish). Carriers of the otx2
hu3237
 mutation were identified as 
mentioned in Chapter 2 (Figure 6A & 6B). 
An intercross was performed between carriers of the otx2
hu3237
 mutation. The embryos 
obtained were observed at various time points to characterize a phenotype, if any. At around 72 
hpf, approximately one fourth displayed minor colobomas in the ventral region of the eye 
(Figure 7), similar to embryos injected with the morpholinos. Genotyping of embryos displaying 
colobomas further confirmed that they all have the otx2
hu3237/hu3237 
genotype. At around 5 dpf the 
RPE pigmentation is partially restored, suggesting that the mutation causes a minor delay in 
pigmentation.  
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Figure 6: The otx2
hu3237
 allele.  A. Diagrammatic representation of the otx2 gene showing 
the hu3237 mutation within exon 4 (a.a. 87). B. Genotyping of the otx2
hu3237
 allele. Lanes 1, 
4 – otx2hu3237/hu3237; 2, 5 - otx2hu3237/+, 3 – otx2+/+. 
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Figure 7: otx2
hu3237
 mutants display colobomas. Colobomas are clearly visible in the 
ventral region of both eyes (white circle) in fish homozygous for the otx2
hu3237
 mutation (A) 
at around 72 hpf (Ventral view). Fig. 2B shows age-matched embryos with no colobomas 
(Lateral view). 
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Otx2 mutants exhibit delay in choroid fissure closure 
Next, to identify gene expression changes caused by this mutation, whole mount in situ 
hybridization was performed using certain probes specific for genes expressed in the eye, 
specifically, the RPE, choroid fissure and optic stalk. To follow the course of closure of the 
choroid fissure, the pax2a probe was used.  The paired box gene 2a (pax2a) is the zebrafish 
ortholog of the human PAX2 gene. Pax2 (mouse ortholog) is expressed in the developing kidney, 
optic cup, otic vesicle and other parts of the central nervous system (Dressler et al., 1990; Nornes 
et al., 1990). 
Expression of pax2a was observed in 24 hpf, 48 hpf, and 72 hpf embryos obtained from 
an intercross performed between otx2
hu3237
 carriers. In the 24 hpf embryos, expression was seen 
in optic stalk, midbrain, hindbrain, midbrain-hindbrain boundary, spinal cord interneurons and 
pronephric duct in all the embryos, indicating that pax2a expression is not affected by the 
mutation as early as 24 hpf. In the 48 hpf embryos, all embryos (n=23) expressed pax2a in the 
same regions as in the 24 hpf embryos with the inclusion of the choroid fissure. There was a 
subtle difference observed in the expression pattern in the optic stalk/ choroid fissure among 
certain embryos. While most embryos displayed a distinct choroid fissure and optic stalk, 
indicative of choroid fissure closure (n=13), some maintained a connection between the choroid 
fissure and optic stalk (n=10) (Figure 8A & 8B). Genotyping of these two sets of embryos 
showed that those which displayed a connection between the two had the otx2
hu3237/hu3237
 
genotype. Notably, this change in gene expression patterns in the choroid fissure is earlier than 
the observed morphological presence of colobomas at 72 hpf. Furthermore, at 72 hpf, none of the 
embryos (n=25) displayed the connected phenotype, with almost no expression in the choroid 
fissure, indicating that the mutation only causes a delay in choroid fissure closure (Figure 8C). 
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Figure 8: Expression patterns of pax2a in otx2 
mutants. Embryos obtained from an intercross 
performed between otx2
hu3237
 carriers were subject to 
whole mount in situ hybridization using the paired box 
gene 2a (pax2a) probe. Ventral view. At 48 hpf, some 
embryos displayed no connection between the choroid 
fissure and optic stalk, which is the normal phenotype 
(A). Some had the connected phenotype (B). At 72 hpf, 
no embryos displayed the connected phenotype (C). 
White arrows indicate the absence (A & C) or presence 
(B) between the choroid fissure and optic stalk. 
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Closure of choroid fissure affects RPE development 
Since colobomas are observed in the ventral region of the RPE, expression patterns of 
genes within the RPE were also assessed. The human premelanosome protein (PMEL) gene or 
silver locus protein homolog (SILV) is a transmembrane glycoprotein expressed in skin and eye 
pigment cells and involved in melanosomal structure (Kobayashi et al., 1994). 
In zebrafish, one ortholog is the premelanosome protein b encoded by the pmelb or silvb 
gene which is expressed in the RPE. To assess the effect on the RPE, an intercross performed 
between otx2
hu3237
 carriers and expression patterns of pmelb in 48 hpf and 72 hpf embryos were 
analysed. Since the RPE is not completely differentiated at 24 hpf, these embryos were not used 
in the assessment.  
In embryos aged 48 hpf, some embryos expressed pmelb throughout the RPE (normal 
phenotype) (n=23) (Figure 9B), whereas others presented with a lack of expression in the ventral 
region of the RPE (n=7) (Figure 9A). In the 72 hpf embryos again, the same two distinct sets of 
expression patterns were seen (Figure 9C & 9D). Those with no ventral eye expression of RPE 
were homozygous for the otx2
hu237
 mutation, whereas those with normal expression were either 
heterozygous or homozygous for wild type otx2. This could indicate that the delay in choroid 
fissure closure affects proper RPE development. 
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Figure 9: Expression patterns of pmelb in otx2 mutants. Embryos obtained from an 
intercross performed between otx2
hu3237
 carriers were subject to whole mount in situ 
hybridization using the premelanosome protein b (pmelb) probe. Lateral view with dorsal to 
the left. Some embryos did not express pmelb in the ventral region of the eye (red arrows) (A 
&C), while some expressed it throughout the RPE (B & D). A, B – 48 hpf. C, D – 72 hpf. 
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Rx3 and otx2
 
partially contribute to the coloboma phenotype 
In the rx3 mutant, i.e., eyeless, it was previously observed that otx2 expression was not 
detectable, suggesting that rx3 acts upstream of otx2 (Rojas-Muñoz et al., 2005). To further 
deconstruct this pathway, and the role of rx3 in the otx pathway and choroid fissure closure, 
zebrafish possessing both the rx3
w29
 and otx2
hu3237
 mutations were evaluated for the presence of 
colobomas or other eye defects. First, rx3
w29
 carriers (Figure 10) were outcrossed with otx2
hu3237
 
carriers. Embryos collected from these matings were allowed to develop into adulthood 
(approximately 3 months) and double mutant carriers were identified. An intercross was then 
performed between rx3
w29/+
; otx2
hu3237/+
 fish and embryos were obtained. 
At around 76 hpf, while around one fourth of the embryos displayed the eyeless 
phenotype, some of the remaining embryos displayed Type I colobomas, some slightly larger 
than others, i.e., while there was still a connection between anterior and posterior RPE, the 
coloboma was almost twice the size of the others (Figure 11). Genotyping of these embryos 
confirmed that they had the otx2
hu3237/hu3237
 genotype. It was also interesting to note that the 
embryos with the slightly larger colobomas had the rx3
w29/+
 genotype. This suggests that 
haploinsufficiency of rx3 may slightly worsen the otx2
hu3237/hu3237
 coloboma phenotype. 
To study how exactly choroid fissure development is affected in double mutants, in situ 
hybridization was performed with the pax2a probe on embryos obtained from an otx2
hu3237/+
; 
rx3
w29/+
 intercross. At 24hpf, all embryos showed expression in optic stalk, midbrain, hindbrain, 
midbrain-hindbrain boundary, spinal cord interneurons and pronephric duct. There are two sets 
of embryos which differ in expression patterns in the choroid fissure/ optic stalk. While some 
have no expression in the region (confirmed as rx3
w29/w29
), the rest have expression patterns 
similar to the two sets of embryos from the otx2
hu3237/+
 intercross. 
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Figure 10: The rx3
w29
 allele.  A. Diagrammatic representation of the rx3 gene showing the 
w29 mutation within exon 2 (a.a. 133). B. Genotyping of the rx3
w29
 allele. Lanes 1, 2, 3 – 
rx3
w29/+
; 4, 5 – rx3+/+, 6, 7 – rx3w29/w29. 
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Figure 11: Colobomas seen in embryos from an otx2
hu3237
; rx3
w29
 double mutant 
intercross.  76 hpf. Although only Type I colobomas are seen, some are small (A) and 
some are slightly larger (B). White circles indicate the region of coloboma. 
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At 48 hpf (n=43), some embryos appear normal (n=15), with no connection between the 
choroid fissure and the optic stalk (Figure 12 A), while some embryos displayed the connected 
phenotype (n=15) (Figure 12B). There were also eyeless embryos (n=13), with no expression in 
either region (Figure 12C & 12D). Those with the connected phenotype exhibited either one of 
three genotypes: [otx2
hu3237/hu3237
; rx3
+/+
], [otx2
hu3237/hu3237
; rx3
w29/+
] or [otx2
hu3237/+
; rx3
w29/+
]. 
However, it was observed that embryos heterozygous for both mutations appeared 
developmentally delayed, and therefore might not reliably indicate the proper stage of choroid 
fissure closure (Figure 12G). 
At 72 hpf, none of the embryos with eyes (n=27) displayed the connected phenotype, 
similar to the embryos obtained from the otx2
hu3237/+
 intercross, further indicating that there is 
only a delay in choroid fissure closure (Figure 12E & 12F). It was additionally observed that 
some embryos with the normal phenotype exhibited the otx2
hu3237/hu3237
 genotype. It is important 
to note that except for the difference in expression in the choroid fissure and optic stalk, embryos 
with or without eyes maintained similar pax2a expression patterns in other regions (Figure 13). 
This evidence points to the conclusion that although colobomas are only observed at 76 hpf, even 
after choroid fissure closure, the slight delay in this process affects pigmentation of the RPE.  
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Figure 12: In situ hybridization of 
otx2; rx3 double mutants with the 
pax2a probe. Ventral view unless 
otherwise mentioned. At 48 hpf, some 
embryos displayed no connection 
between the choroid fissure and optic 
stalk (white arrow), which is the 
normal phenotype (A). Some had the 
connected phenotype (B), while some 
are eyeless and have no expression in 
either region (C (Lateral view) & D). 
At 72 hpf, no embryos with eyes 
displayed the connected phenotype 
(white arrow) (E) and eyeless embryos 
have no expression in either region 
(F). At 48hpf, some embryos looked 
developmentally delayed (G).  
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Figure 13: Expression patterns of pax2a in otx2; rx3 double mutants. Embryos 
obtained from an intercross performed between otx2
hu3237/+
; rx3
w29/+
 double mutant carriers 
were subject to whole mount in situ hybridization using the paired box gene 2a (pax2a) 
probe. Lateral view with posterior to the left, 72 hpf. All embryos expressed pax2a in the 
midbrain, hindbrain, midbrain-hindbrain boundary, spinal cord interneurons and 
pronephric duct. Those with eyes express in the optic stalk and choroid fissure (A), 
whereas eyeless ones do not (B). 
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Rx3
 
does not affect pmelb expression 
Expression patterns within the RPE were also evaluated in double mutant embryos using 
the pmelb probe to identify if loss of rx3 disrupts the development of the RPE or has no effect.  
Again, embryos aged 48 hpf and 72 hpf were used for analysis. In embryos aged 48 hpf 
(n=55), some embryos were eyeless as expected having no expression (n=16), with the rx3
w29/w29
 
genotype (Figure 14C). Others expressed pmelb throughout the RPE (n=26) (Figure 14A) and 
some had a zone of no expression in the ventral region (n=13) (Figure 14B). Those with no 
ventral expression were homozygous for the otx2
hu3237
 mutation and were either homozygous for 
wild type rx3 or heterozygous for the rx3
w29
 mutation. Those with normal expression had the 
otx2
+/+
; rx3
+/+
 genotype. Although we did not see any embryos with the otx2
hu3237/+
; rx3
w29/+
 
genotype, we expect these embryos to also have normal expression since embryos with this 
genotype are morphologically normal. Additionally, no embryos with normal expression were 
homozygous for the otx2
hu3237
 mutation. 
Finally, in the 72 hpf embryos (n=56), the same two expression patterns were seen.  
While those that were eyeless (n=6) had no expression in the RPE, those with no ventral 
expression (n=10) were homozygous for the otx2
hu3237
 mutation and were either homozygous for 
wild type rx3 or heterozygous for the rx3
w29
 mutation, just as in the 48 hpf embryos (Figure 
14E). Embryos with normal expression patterns (n=50) had the following genotypes: [otx2
+/+
; 
rx3
+/+
] or [otx2
hu3237/+
; rx3
w29/+
] (Figure 14D). These results indicate that loss of one copy of rx3 
does not affect pmelb expression within the RPE even in the absence of otx2. 
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Figure 14: Expression patterns of pmelb in otx2; rx3 double mutants. Embryos obtained 
from an intercross performed between otx2
hu3237/+
; rx3
w29/+
 double mutant carriers were 
subject to whole mount in situ hybridization using the premelanosome protein b (pmelb) 
probe. Lateral view with dorsal to the left. Some embryos expressed pmelb throughout the 
RPE (A & D), while some did not express pmelb in the ventral region of the eye (red arrows) 
(B & E). Eyeless embryos had no expression in the RPE (C). A, B, C – 48 hpf. D, E – 72 hpf. 
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Rx3; otx2 double mutants show variable expression within rudimentary lens in eyeless 
 Rojas- Muñoz et al. (2005) observed that zebrafish with another allele of rx3 are eyeless 
but exhibit a strongly reduced RPE, fusion of the NRs at the midline and rudimentary lenses. 
This led us to analyze crygn2 (crystallin, gamma n2) expression within the lens to identify if a 
rudimentary lens is observed in rx3
w29
 eyeless embryos and if loss of function of otx2 would lead 
to loss of this structure. Since 48 hpf and 72 hpf embryos were used for the previous 
experiments, the same were used for analyzing crygn2 expression.  
In the 48 hpf embryos, some had strong expression within the lens, all of which had eyes 
(n=42) (Figure 15A). In eyeless embryos (n=11) however, some had no expression within the 
lens, while some had faint expression in the region where the prospective lens would be (Figure 
15B and 15C respectively). Genotyping revealed that embryos with eyes were either 
homozygous wild type or heterozygous for the rx3
w29
 mutation and possessed all 3 genotypes for 
otx2, i.e., otx2
+/+
, otx2
hu3237/+
 and otx2
hu3237/hu3237
. In the eyeless embryos, as expected all were 
homozygous for the rx3
w29
 mutation, but had all 3 otx2 genotypes regardless of whether they had 
the faint expression or not. 
In the 72 hpf embryos, embryos with eyes (n=42) expressed crygn2 similar to 48 hpf 
embryos with eyes. However, no eyeless embryos (n=10) had any expression (Data not shown). 
The variability in expression of crygn2 in eyeless mutants might indicate variability in 
rudimentary lens development in these mutants. 
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Figure 15: Expression patterns of crygn2 in otx2; rx3 double mutants. Embryos obtained 
from an intercross performed between otx2
hu3237/+
; rx3
w29/+
 double mutant carriers were 
subject to whole mount in situ hybridization using the crystalline, gamma n2 (crygn2) probe. 
Lateral view with dorsal to the left. Embryos with eyes expressed crygn2 in the lens (A), 
while eyeless embryos either had faint expression (B) or no expression at all (C) A, B, C – 48 
hpf. 
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Sequencing the otx1a mutant 
Otx1a is one of the zebrafish genes in the Otx family. Knockdown of otx2 and otx1a have 
revealed they may both be involved in eye development (Foucher et al., 2006). While it was 
observed that injection of morpholinos directed against otx2 or otx1a alone did not produce any 
particular phenotype, injection of the combination of both produced colobomas (Lane et al., 
2012). Therefore, to identify whether otx1a mutants display any eye defects not observed in 
morphants, site-directed mutagenesis was conducted against the zebrafish otx1a gene using 
TALENs (Figures 16, 17).  
TALENs or Transcription activator-like effector nucleases are artificial restriction 
enzymes generated by fusing a TAL effector DNA binding domain to a DNA cleavage domain. 
They are particularly useful for targeted genome editing by introducing double strand breaks 
(DSB). There breaks are repaired by non-homologous end joining (NHEJ), which creates a 
number of mutations, mostly insertions and deletions. The DNA binding domain contains a 
repeated highly conserved 33-34 amino acid sequence with the exception of the 12th and 13th 
amino acids, which are called repeat variable diresidues (RVD) and show a strong correlation 
with specific nucleotide recognition (Boch et al., 2009, Moscou et al., 2009). 
Germline carriers of the mutation in the F0 generation were selected to establish a stable 
mutant line. Carriers were identified in the F1 generation and were raised up to adulthood. 
Sequencing of the mutant otx1a revealed that a 6 bp deletion is present within the target site in 
exon 4 (Figure 18). This mutation produces an early stop codon (Figure 19).  
Additionally, another set of embryos from the F2 generation of fish injected with 
TALENs targeting a site within exon 2 of otx1a was obtained from the Moens lab at the Fred 
Hutchinson Cancer Research Center, WA, USA. These fish have a 31 bp deletion within exon 2. 
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Figure 16: The otx1a gene.  A. Diagrammatic representation of the otx1a gene showing the 
TALEN site. B. Genotyping of the otx1a
6del
 allele. Lanes 1, 6, 7 – otx1a6del/+; 2, 3, 4, 5 – 
otx1a
6del/6del
, 8 – otx1a+/+. 
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Figure 17: The target sequence in otx1a.  A. Highlighted sequences (yellow and green) 
show the TALEN-binding sites. Sequence in lower case is within intron 3. Sequence in 
upper case is within exon 4 of the otx1a gene. B. Blue text indicates repeat variable 
diresidues (RVD) specific for each nucleotide in the target sequence above it. 
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Figure 18: Identified mutation within the target site. The target site (blue text) has a 
deletion of 6 bp (red text) which produces an early stop codon. Sequence in lower case is 
within intron 3 and sequence in upper case is within exon 4 of the otx1a gene. 
Figure 19: Amino acid sequence in wild type and mutant otx1a. Figure A shows part of 
exon 4 with the corresponding amino acid sequence. Figure B shows the mutant sequence 
with the 6 bp deletion, leading to an early stop codon as indicated. 
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Otx1a is not required for choroid fissure closure 
Carriers of the 6 bp deletion, referred to as 
otx1a6del/+
, in the F1 generation were 
intercrossed to obtain embryos. Development of the embryos was followed over 5 dpf at various 
time points and none (n=347) displayed colobomas. Genotyping revealed some were 
homozygous for the otx1a
6del
 mutation, indicating that otx1a likely does not play a major role in 
choroid fissure closure. The embryos were otherwise morphologically normal. Additionally, 
embryos obtained from otx2
hu3237/+
 fish outcrossed to otx1a
6del/+
 fish do not display colobomas 
(n=320) (Data not shown). 
Moreover, embryos obtained from an intercross between fish possessing the 31 bp 
deletion in exon 2 of otx1a also did not display a coloboma phenotype and were also 
morphologically normal (n=70). 
Since no morphological phenotype was observed in these embryos, in situ hybridisation 
was performed to confirm whether this mutation affected choroid fissure closure and the RPE. In 
both 48 and 72 hpf embryos, no embryos (48 hpf, n=28, 72 hpf, n=28) from an otx1a
6del/+
 
intercross displayed the connected phenotype, and all expressed pax2a normally. Also, at 48 and 
72 hpf, unlike embryos with the otx2
hu3237
 mutation, all embryos (48 hpf, n=24, 72 hpf, n=29) 
expressed pmelb throughout the RPE (Data not shown). 
 
Otx1a/ otx2 double mutants display more severe colobomas 
Carriers of the otx1a
6del
 and the otx2
hu3237
 mutation were outcrossed and the embryos 
obtained were raised to adulthood. Identified double mutant carriers were intercrossed to obtain 
embryos. At around 72 hpf, embryos were observed (n=80) and some presented with colobomas 
of various sizes – Type I (incomplete closure of the optic fissure with a coloboma, but still an 
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anterior and posterior connection ventrally) (n=17), or Type II (complete lack of ventral RPE 
with no connection between the anterior and posterior RPE) (n=6) (Figure 20). The existence of 
these colobomas persisted until at least 6 dpf. At around 5 dpf, those with Type II colobomas 
regained some pigmentation, and while the colobomas were still larger than Type I colobomas, a 
connection was seen between anterior and posterior RPE. 
Genotyping of those with Type I colobomas revealed that they had the otx2
hu3237/hu3237
; 
otx1a
6del/+
 or otx2
hu3237/hu3237
; otx1a
+/+
 genotype. Embryos with Type II colobomas, on the other 
hand, were homozygous for both otx2
hu3237
 and the otx1a
6del
 mutations, suggesting that a 
complete loss of both otx1a and otx2 has a more severe and lasting effect on choroid fissure 
closure and RPE pigmentation than loss of otx2 alone. 
 In addition, the otx2 morpholino was injected into embryos obtained from an intercross 
performed between carriers of the otx1a
6del
 mutation. Again, Type I and Type II colobomas were 
observed at around 72 hpf and genotypes similar to the double mutants were seen (Figure 21). 
This further confirmed the range of phenotypes observed with no functional copy of both otx2 
and otx1a.  
Also, the otx1b morpholino was injected into double mutants. A range of colobomas was 
observed, some of which appear more severe. These colobomas were classified as Type III, with 
either a small zone of pigmentation in the dorsal region of the eye, or a complete absence of 
pigmentation (Figure 22C). These were homozygous for the otx2
hu3237
 mutation and were 
heterozygous for the otx1a
6del
 mutation while those with Type I or Type II colobomas had the 
otx1a
6del/6del
; otx2
+/+
 or otx1a
6del/6del
; otx2
hu3237/+
 genotypes (Figure 22A & 22B). Finally, one 
embryo which appeared eyeless was homozygous for both mutations (Figure 22D). These results 
show that loss of otx1b worsens the coloboma phenotype. 
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Figure 20: Variation in coloboma size in otx1a; otx2 double mutants. Lateral view with 
dorsal to the left unless otherwise mentioned. There is a variation in the size of colobomas 
observed in embryos obtained from an otx1a
6del/+
; otx2
hu3237/+
 intercross. They are classified as 
Type II (complete lack of ventral RPE with no connection between the anterior and posterior 
RPE) (A & B (Ventral view)) or Type I (incomplete closure of the optic fissure with a 
coloboma, but still an anterior and posterior connection ventrally) (C). An embryo with no 
coloboma and morphologically normal eye is seen in D.  
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Figure 21: otx1a
6del
 mutants injected with the otx2 morpholino. Lateral view with dorsal to 
the left. A similar pattern of colobomas, i.e., Type I (A) and Type II (B), is seen in otx1a
6del
 
mutants injected with the otx2 morpholino as compared to the otx1a
6del
; otx2
hu3237
 double 
mutants.  
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Figure 22: otx1a
6del
; otx2
hu3237
 double mutants injected with the otx1b morpholino. 
Lateral view with dorsal to the left. When otx1a
6del
; otx2
hu3237
 double mutants are injected 
with the otx1b morpholinos, a wide range of coloboma phenotypes are seen. Besides Type I 
(A) and Type II (B) colobomas, Type III colobomas (C), characterized by the presence of 
little to no RPE pigmentation, are also seen. Moreover, some embryos appear to be eyeless. 
(D). 
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Otx2; otx1a double mutants have loss of RPE correlating with gene dosage of otx1a 
 Finally, expression patterns within the RPE in otx2; otx1a double mutants were valuated 
using the pmelb probe. Embryos aged 48 hpf and 72 hpf were again used for analysis. 
 In the 48 hpf embryos, some embryos expressed pmelb throughout the RPE (n=20) 
(Figure 23A). These embryos were wither wild type for both otx1a and otx2, otx2
+/+
; otx1a
6del/+
, 
otx2
+/+
; otx1a
6del/6del
, otx2
hu3237/+
; otx1a
+/+
 or heterozygous for both mutations. Some had smaller 
regions of no pmelb expression in the ventral region of the eye (n=4), as observed 
morphologically in embryos with Type I colobomas, and these had the otx2
hu3237/hu3237
; otx1a
6del/+
 
genotype. However, it was observed that there pmelb expression in the dorsal regions was not as 
strong as that in otx2 single mutants (Figure 23B). Although we did not observe any embryos 
with the otx2
hu3237/hu3237
; otx1a
+/+
 genotype, we expect the expression pattern to be similar to 
otx2single mutants. Also, some embryos had pmelb expression in a pattern corresponding to 
pigmentation patterns in embryos with Type II colobomas (n=4), i.e., there were larger regions of 
no expression. Indeed, these were homozygous for both mutations, but similar to the results seen 
above, expression is not as strong in the dorsal regions (Figure 23C). 
 In the 72 hpf embryos, similar expression patterns were observed, with genotypes 
identical to that in 48 hpf embryos, with some having normal expression (n=38) and some 
having variable regions of no expression in the ventral portion of the eye (n=14)  (Data not 
shown). From these results, it appears that the severity of loss of RPE corresponds to gene 
dosage of otx1a, further confirming its redundancy at the molecular level, i.e., they regulate 
transcription of the same genes. 
 
 
 
 
52 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
Figure 23: Expression patterns of pmelb in otx2; otx1a double mutants. Embryos 
obtained from an intercross performed between otx2
hu3237/+
; otx1a
6del/+
 double mutant carriers 
were subject to whole mount in situ hybridization using the premelanosome protein b (pmelb) 
probe. Lateral view with dorsal to the left. Some embryos expressed pmelb throughout the 
RPE (A), while some did not express pmelb in the ventral region of the eye (red arrows) (B & 
C). A, B, C – 48 hpf. 
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CHAPTER 4: DISCUSSION 
 
Coloboma: A multifactorial phenomenon 
Early during vertebrate eye development, the optic vesicle evaginates from the forebrain 
and ultimately forms the optic cup (Figure 24). A transient gap, the choroid fissure, forms 
ventrally. This is eventually closed by fusion of surrounding tissue (Fitzpatrick et al., 2005). 
Failure of closure of the fissure causes colobomas and affects various parts of the eye 
including the retina, iris, cornea, lens, ciliary body, and optic nerve (Gregory-Evans et al., 2004). 
The incidence rate in humans is estimated at around 1 per 10000 births (Porges et al., 1992, 
Bermejo et al., 1998, Stoll et al., 1997). PAX6 (Azuma et al., 2003), Growth differentiation factor 
6 (GDF6) (Asai-Coakwell et al., 2007) and GDF3 (Ye et al., 2010) have been identified as genes 
implicated in human ocular colobomas. 
The zebrafish has proved to be a valuable model for the study of colobomas with a 
number of underlying mutations identified. Brown et al. (2009) sought to identify genes within 
the network leading to choroid fissure closure using RNA microarray to analyze tissue the 
surrounding the choroid fissure. Two genes were shown to be expressed in the optic fissure - 
nlz1 and nlz2. Their subsequent knockdown in zebrafish led to colobomas. They are thought to 
function in the optic fissure by directly regulating the expression of the transcription factor 
pax2a. In nlz
1/2
-deficient embryos, pax2a expression was drastically reduced, and both the nlz1 
and nlz2 proteins bound the pax2 promoter in vitro, suggesting direct transcriptional regulation. 
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Figure 24: Schematics of the forming eye showing the ventrally positioned choroid 
fissure before and during closure (drawing by Clarissa Scholes). C, D: Wild type (C) 
and colobomatous (D) zebrafish eyes (Gestri et al., 2012). 
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The Hedgehog pathway plays a critical role in development of a number of parts of the 
eye. The Patched1 protein is a negative regulator of tis pathway. In blowout (blw) mutants, which 
possess a loss-of-function mutation in the patched1 gene, the expression domain of pax2a is 
increased, resulting in an enlarged optic stalk and colobomas (Lee et al., 2008, Koudijs et al., 
2008). Interestingly, colobomas have also been observed in human patients with a deletion in the 
SHH gene (Schimmenti et al., 2003). In zebrafish, it was shown that zic2a is involved in the 
interaction between shh and pax2a, and restricts pax2a expression to the optic stalk. Loss of 
zic2a activity results in the expansion of pax2a expression into the retina, resulting in coloboma 
(Sanek et al., 2009). 
The vax (Ventral anterior homeobox) genes, vax1 and vax2, are also regulated by the 
Hedgehog pathway. These genes, which encode homeobox transcription factors, are expressed in 
the ventral region of the eye and control specification of the optic stalk and ventral retina (Ohsaki 
et al., 1999, Take-uchi et al., 2003). Morpholino knockdown of both vax1 and vax2 in zebrafish 
resulted in the loss of optic stalk and ventral retinal tissue identity, and the presence of 
colobomas. Additionally, it was noted that both pax2a and vax genes act in parallel to specify the 
optic stalk (Take-uchi et al., 2003). 
There are several other developmental pathways required for proper eye morphogenesis. 
Retinoic acid, for one, is well established in its role in eye development. In zebrafish, exposure to 
exogenous RA early during eye development results in an enlarged optic stalk and, depending on 
the dose of RA, duplication of the ventral retina (Hyatt et al., 1996). Conversely, embryonic 
exposure to citral, which blocks RA synthesis, results in optic stalk and ventral retinal loss and 
ocular coloboma (Marsh-Armstrong et al., 1994). In addition, morpholino knockdown of bcox, 
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an enzyme critical for the synthesis of RA, results in numerous developmental phenotypes, 
including coloboma (Lampert et al., 2003). 
Another suggested mechanism involved in optic fissure closure is the interaction between 
the optic stalk and the extracellular matrix (ECM). For example, the laminins, laminin β1 and γ1 
(lamβ1 and lamγ1), have shown to disrupt basement membrane integrity when mutated, and 
subsequently produce ocular defects, including colobomas (Gross et al., 2005, Lee et al., 2007). 
Another gene implicated in coloboma formation in zebrafish is lmo2. Lmo2 is involved in 
hematopoiesis and is expressed in endothelial precursors of head vasculature. Mutations in this 
gene lead to the formation of an abnormally enlarged blood vessel passing through the optic 
fissure, interfering with its closure and resulting in colobomas (Weiss et al., 2012).  
ABCB6, a member of the ABC transporter family, is involved in the active transport of 
phospholipids, ions, peptides, steroids, polysaccharides, amino acids, and bile acids. (Dean et al., 
2005, Kelter et al., 2007, Higgins et al., 2007). Mutations in zebrafish abcb6 have shown to 
produce the coloboma phenotype and haploinsufficiency of ABCB6 is seen in human patients 
with colobomas (Wang et al., 2012). 
.   There are several other genes which have been implicated in the coloboma phenotype, 
including adenomatous polyposis coli (apc) (Nadauld et al., 2006), cadherin 2 neuronal (cdh2, 
glass onion) (Masai et al., 2003), thioredoxin-related transmembrane protein 3 (tmx3) (Chao et 
al., 2010) and transcription factor ap2 alpha (tfap2a) (Gestri et al., 2009) to name a few 
(Bibliowicz et al., 2011). 
Finally, certain members of the Otx gene family of homeodomain transcription factors 
have also been found to be linked to the onset of colobomas. These genes regulate brain and 
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sensory organ development and when these were knocked down by morpholinos, zebrafish 
displayed small colobomas in the ventral region of the eye (Lane et al., 2012). 
 
The Otx family and eye defects 
Colobomas are seen in zebrafish with loss of function in the otx genes, otx1a, otx1b and 
otx2. The loss of Otx2 activity through morpholino knockdown produced an RPE deficient 
phenotype in a small percentage of embryos, while the additional knockdown of Otx1a caused 
widespread and severe RPE developmental abnormalities, which manifested as colobomas (Lane 
et al., 2012). Similarly, recent morpholino analysis suggests that Otx1a and Otx2 have partially 
redundant but necessary functions in zebrafish anterior brain and eye development (Foucher et al 
2006).  
The combination of otx1a/otx1b or otx1b/otx2 morpholinos did produce the occasional 
absence of ventral RPE pigmentation but the combination of otx1a and otx2 morpholinos 
produced a significant delay in pigmentation in the developing RPE when examined at 35 hpf. 
Interestingly, pigmentation started to recover at around 72 hpf, and this is possibly attributed to 
the transient knockdown by morpholinos. Single knockdown of otx1a, otx1b, or otx2 had little 
effect on eye phenotype (0%, 3% and 6% minor phenotype respectively).  
The combination of otx1a/otx1b and otx1b/otx2 morpholinos resulted in a higher 
percentage of minor phenotypes but failed to increase the severity of the eye phenotype. The 
combination of otx1a and otx2 morpholinos however, resulted in defects in nearly all embryos 
(95%) and most embryos (64%) having major disruptions of the developing RPE (Lane et al., 
2012). Hence, it appears that otx2 and otx1a have partially redundant functions, with otx1b 
playing a minor role. 
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Otx2 mutants have a more lasting phenotype relative to morphants 
In this study, we looked at the effects of a permanent loss of function in otx1a and otx2 
(as compared to the effects of transient knockdown using morpholinos) in zebrafish.  
A mutant allele of otx2 which has a substitution producing a nonsense codon, otx2
hu3237
 
was used. Carriers, which were absent of any morphological phenotype were raised and crossed 
to produce offspring, some of which were homozygous for the mutation. A Type I coloboma, 
where there is a lack of RPE pigmentation in the ventral region of both eyes, but anterior and 
posterior RPE were still contiguous, was observed in approximately one fourth of offspring, 
which were found to be homozygous for the otx2
hu3237
 allele. 
Colobomas were clearly visible at around 72 hpf, and lasted until around 120 hpf, relative 
to the morphants, which did not produce any noticeable eye deficits (Lane et al., 2012). This 
shows that a permanent loss of function has a more prolonged effect compared a transient 
knockdown. 
In situ hybridization was also performed to help understand what regions of the eye were 
affected by the mutation. When pax2a was used, it was observed that embryos homozygous for 
the otx2 mutation displayed a connection between the choroid fissure and the optic stalk at 48 
hpf, but not at 72 hpf. This indicates that the mutation possibly causes a delay in closure of the 
choroid fissure. Also, the pmelb probe showed that homozygous mutants had no expression in 
the ventral region which corresponded with the Type I coloboma observed. This was seen in both 
48 hpf and 72 hpf embryos, indicating that the delay in choroid fissure closure affects RPE 
development. It will be interesting to see if this recovers at 120 hpf as there is a recovery of 
pigmentation at the same time. 
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Otx1a mutants are morphologically similar to morphants 
The effects of loss of function mutations in otx1a were also studied. To induce mutations 
in the otx1a gene, site-directed mutagenesis using TALENs was carried out by the Moens lab at 
the Fred Hutchinson Cancer Research Center. Sequencing confirmed the presence of a 6 bp 
deletion within exon 4 of the gene, which produces an early stop codon.  
An intercross was performed between carriers of this mutation, otx1a
6del
, but none of the 
offspring displayed a distinct eye abnormality, similar to otx1a morphants (Lane et al., 2102). 
Additionally, one other otx1a mutant was also obtained, which had a 31 bp deletion in 
exon 2 of the gene. This mutant also did not display any eye deficits.  
Likewise, in situ hybridization with both pax2 and pmelb did not show any delay in 
choroid fissure closure or RPE defects, respectively. This was observed in both 48 hpf and 72 
hpf embryos. This most likely indicates that otx1a alone does not have a major role in choroid 
fissure closure. 
Otx2/ otx1a double mutants are more severely affected than double morphants 
Lane et al. (2012) observed that injection of both otx1a and otx2 morpholinos into 
embryos produced a range of RPE deficits, ranging from Type I to Type II (which have no 
connection between anterior and posterior RPE) colobomas. Also, the phenotype varied in 
severity between eyes of the same embryo. 
This study looked at the effects of permanent loss of function in both genes. Crosses were 
performed between carriers of each mutation and double mutant carriers which were identified 
were intercrossed to obtain embryos. Some of the progeny displayed either Type I or Type II 
colobomas. It was further observed that embryos with Type I colobomas were all homozygous 
for the otx2
hu3237
 mutation, but were either homozygous for wild type otx1a or heterozygous for 
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otx1a
6del
. Also, embryos with Type II colobomas were homozygous for both mutations. 
Interestingly, embryos homozygous for otx1a
6del
 and heterozygous for otx2
hu3237
 did not have any 
colobomas.  
As a complementary experiment, the otx2 morpholino was injected into embryos 
obtained from an intercross performed between carriers of the otx1a mutation. Again, Type I and 
Type II colobomas were observed and genotypes similar to the double mutants were seen.  
It is interesting to note that gene dosage of otx1a seems to contribute to the severity of the 
phenotype. This was confirmed by looking at pmelb expression within the RPE in otx2; otx1a 
double mutant embryos. These results indicate that otx2 has a more prominent role in choroid 
fissure closure with otx1a having a redundant role.  
Finally, it was also observed that when the otx1b morpholino was injected into double 
mutants, Type III colobomas, characterized by little to no pigmentation in the eye, were seen in 
some embryos which were homozygous for the otx2
hu3237
 mutation and were heterozygous for 
the otx1a
6del
 mutation. Moreover, those with Type I or Type II colobomas mostly were of the 
otx1a
6del/6del
; otx2
+/+
 or otx1a
6del/6del
; otx2
hu3237/+
 genotypes. This indicates the partially redundant 
roles of otx1a and otx1b, since colobomas are seen in embryos with wild type otx2. The variation 
in genotypes can be attributed to variation in concentration of otx1b morpholino injected into the 
embryos. One eyeless embryo was observed and was homozygous for both otx2 and otx1a 
mutations.  
These results further strengthen the importance of otx2 in choroid fissure closure, with 
the partially redundant role of otx1a. Furthermore, it appears that otx1b provides additional 
redundancy in this process. Also, loss of all three otx genes seems to have a drastic effect leading 
to loss the eyes. 
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Rx3 is not involved in choroid fissure closure 
Rojas-Muñoz et al. (2005) observed that in the rx3 loss-of-function mutant, i.e., eyeless, 
otx2 expression was not detectable. This led them to conclude that rx3 acts upstream of otx2. 
To explore the role of rx3 in choroid fissure and its interaction with otx2, we created 
strains of zebrafish which were double mutant carriers for both rx3
w29
 and otx2
hu3237
. An 
intercross performed between double mutant carriers produced offspring, some of which 
displayed Type I colobomas. Those embryos with colobomas were found to be homozygous for 
the otx2
hu3237
 mutation and an additional loss of one functional copy of rx3 in these embryos 
produced slightly larger colobomas. These offspring were further analyzed through in situ 
hybridization using the same probes used in the earlier experiments, i.e., pax2 and pmelb. 
Interestingly, on performing ISH with the pax2 probe, it was observed that 48 hpf 
embryos with the connected phenotype were homozygous for the otx2
hu3237
 mutation as well as 
either homozygous for the wild type rx3 or heterozygous for rx3
w29
. The same was observed with 
those embryos having no ventral expression of pmelb, in both 48 hpf and 72 hpf embryos. 
Moreover, just as with the otx2 single mutants, no embryos had the connected phenotype at 72 
hpf when the pax2 probe was used.  
 These results show that even with only one functional copy of rx3, there is no change in 
the delay in choroid fissure closure, indicating that rx3 is most likely not involved in this process, 
but may still affect RPE pigmentation. 
 
Otx2 does not affect formation of rudimentary lens in eyeless 
 Rojas- Muñoz et al. (2005) observed that another line of eyeless zebrafish with another 
allele of rx3 exhibits a strongly reduced RPE, fusion of the NRs at the midline and rudimentary 
 
 
62 
 
lenses. It was observed that expression within the lens, determined with the crygn2 probe, was 
not affected by the loss of otx2 in eyeless embryos. Interestingly, some variability in expression 
was seen within eyeless embryos. 
Conclusion 
 The experiments performed in this study aimed at deconstructing the roles of the two 
members in the Otx family of transcription factors, otx2 and otx1a, as well as a member of the 
Rx family of transcription factors, rx3, in the formation of colobomas and eye development.  
While loss of otx2 alone had a mild effect, the combined loss of otx2 and otx1a had a 
more pronounced and lasting effect, leading to larger colobomas. Furthermore, the additional 
loss of otx1b through knockdown via morpholinos exacerbated the coloboma phenotype, i.e., 
when all three otx genes were non-functional. This further supports the notion that otx2 plays a 
larger role, with partially redundant roles of otx1a and otx1b in choroid fissure closure, the 
mechanism which, when disrupted, leads to the onset of colobomas. These results seem to 
suggest that otx1a and otx1b are minor transcriptional regulators of choroid fissure closure 
initially, and are able to compensate for, at least to some extent, the loss of otx2, perhaps through 
regulation of the same target genes.  Additionally, rx3 may control RPE pigmentation to an 
extent but does not seem to be critically necessary for choroid fissure closure. Finally, it appears 
that otx2 does not contribute to the formation of the rudimentary lens in eyeless rx3
w29
 mutant 
embryos. 
Since an increase in pax2a expression, which is regulated by the Hedgehog signaling 
pathway, was shown to induce colobomas, while a decrease in the expression of the otx genes 
produces the same phenotype, Figure 25 shows a possible regulatory pathway responsible for 
choroid fissure closure and eye development. 
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Figure 25: Observed importance of the Otx genes in choroid fissure closure/ eye 
development. It is observed that otx2 plays a more vital role in choroid fissure closure, with 
additional redundancy provided by otx1a and otx1b. Additionally, loss of both otx1a and 
otx1b produces an effect similar to loss of otx2 alone. 
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